Annual rhythms of human conception rates (based on a worldwide selection of statistics) were correlated with photoperiod, monthly averages of daily hours of sunshine, minimum and maximum temperature, and humidity. Our results show for the first time on a global scale that photoperiod, as shown for many animals, may also influence the physiology of human reproduction. At higher latitudes, where changes in daylength are pronounced, a steep increase in human conceptions coincides with the vernal equinox. Temperature also appears to be a major influencing factor. Conception rates are above the annual mean at temperatures between 5&deg; and 20&deg;C, and temperature extremes decrease the
probability of conceptions. In regions with cold winters and moderate summers, the number of conceptions correlates positively with temperature; close to the equator, where winters are more moderate than the hot summers, this correlation is negative. Regions with both hot summers and cold winters tend to have a bimodal conception rhythm. The influence of photoperiod is dominant before 1930, whereas the impact of temperature dominates in later years. With industrialization, people are increasingly shielded from both photoperiod (by indoor work) and temperature (by heating and air conditioning), which may explain the deseasonalization of the human conception rhythm. Photoperiod and temperature and the specific changes in their impact can account for several features of the annual human conception rhythm: latitude dependence, waveform, phase and amplitude, and their specific changes over time.
Life on earth is embedded in a strict regimen of cyclic changes. The most prominent are the alternation between day and night and the regular succession of annual seasons. In adaptation to these external temporal regimens, most organisms have developed an endogenous circadian clock (day) and some an endogenous circannual clock (year) . Biological clocks are normally synchronized with the environmental rhythms and enable organisms to anticipate the regular changes in conditions. An extensive body of evidence has shown the controlling function of the circadian clock in humans (Wever, 1979; Minors and Waterhouse, 1981) ; however, an indication for an annual clock in humans is still missing. One of the most important functions of endogenous annual clocks in nature is the optimal timing of reproduction (Follett and Follett, 1981; Gwinner, 1986) . The necessity of seasonal timing of reproduction is not obvious in the modem Homo sapiens, since we can shield ourselves from harsh environmental conditions. Unlike most other mammals, humans reproduce throughout the year.
In spite of this omnitemporal reproductive capacity, birth rates, which have been registered in many countries for several hundred years (e.g., see Cowgill, 1966) , show a rhythmic annual distribution. Waveform and phasing of such birth rhythms are specific for geographical regions and are persistent in their regularity for many decades (Roenneberg and Aschoff, this issue). The causal factors for this rhythm in human birth rates are still a matter of controversy. Several investigators claim primarily social factors to be responsible; this hypothesis is strengthened by the fact that life displays seasonality at almost all levels of human society. The pattern of our work schedule is seasonal not only in rural regions but also in highly industrialized cities, and the timing of religious holidays is related to seasonal events. Most of these social annual rhythms are not based directly on biological reactions to environmental changes and are certainly not controlled by an endogenous biological clock. However, human biology is also rhythmic on an annual basis: Physiological (De Rudder, 1952; Lacoste and Wirz-Justice, 1989 ), endocrinological (Reinberg and Lagoguey, 1978) , and immunological (Shifrine, 1982) variables show systematic variations over the year. These annual rhythms of human biology must be under an environmental control, and they may even be driven by an endogenous clock synchronized with the seasons.
We have investigated the annual rhythm of human reproduction on the basis of worldwide birth statistics, partly dating back to the 18th century (Roenneberg and Aschoff, this issue). We have come to the conclusion that the phenomenon has a biological basis and is influenced by environmental factors.
Although conclusive proof cannot be given, we have shown, in accordance with several other investigators, that the rhythm in birth rates is primarily based on a rhythm in conceptions. The annual rhythm of human birth may still be a mixed result of several rhythmic components mediating their influence throughout the 40 weeks of human gestation (e.g., seasonal changes in length of pregnancy or in embryonic survival). Our findings do not exclude social influences on the biological rhythm, either by masking (e.g., additional peaks at Christmas) or by changing the impact of environmental signals due to changes in the human microclimate; however, in this paper we investigate which climatic variables may have an impact on the annual rhythm of human reproduction.
MATERIALS AND METHODS
Monthly averages of daily temperature maxima and minima, of daily hours of sunshine (see &dquo;List of Abbreviations and Definitions&dquo; in Roenneberg and Aschoff, this issue), and of daily relative humidity (Holler and Stranz, 1982; Grunewald, 1982) were collected for 380 geographical locations. All climatic variables are based on values averaged between 1930 and 1960. Two cosine functions, fundamental and first harmonic, were fitted to the monthly values, and phase reference points (e.g., peak and trough of the climatic rhythm and its first derivative) were calculated to an accuracy of 0.1 month with the help of the annual fit. Climatic variables for countries and regions covered by our collection of birth statistics (Roenneberg and Aschoff, this issue) were averaged over a number of geographical locations representing the respective regions. The annual amplitude of photoperiod was calculated according to latitude.
Conception rhythms were related to environmental rhythms either by correlating the actual monthly rates (expressed as percentages of deviation from the mean; see Roenneberg and Aschoff, this issue) with the monthly averages of the climatic variable, or by correlating the corresponding values calculated by the cosine fits in half-monthly intervals. In the latter case, it was possible to correlate the first derivative of the conception rhythms with the respective environmental rhythm. For the correlation of photoperiod and the first derivative of conception rhythms, the introduction of a lag (by 1 month) increased the correlation coefficients; in all other cases, correlations were made between corresponding time points. For all correlations, we assumed 11 degrees of freedom with a significance level (p < 0.01) at r = 0.684 on the basis of the t distribution (Glass and Stanley, 1970) .
Preferred environmental values for photoperiod (PPpref), temperature (Tpref), and daily hours of sunshine (SSpref) were established by correlating the respective deviation rhythms (described by the function: Vdev = -I Vactual -Vpref 1; V = environmental value) with either the fitted conception rhythm or its first derivative. The preferred value was assumed when the correlation coefficient was maximal (rmax Political names of cities and countries are those given by the specific statistics and may not comply with contemporary names. The expression &dquo;the Americas&dquo; is used for North, Central, and South America; the adjective &dquo;American&dquo; does not relate to the United States alone.
RESULTS
Most of the previous investigations of human conception rhythms (including Aschoff, 1981 ) have analyzed amplitude and phase by fitting the fundamental cosine function. The disadvantage of this approach is apparent in view of the diversity of waveforms throughout the world (Roenneberg and Aschoff, this issue): The calculation of acrophases and amplitudes can only give a crude estimate, since conception rhythms rarely have a pure sinusoidal distribution and sometimes are bimodal. We have therefore fitted the data additionally with two harmonics. Thus, individual waveforms were preserved for analysis. Phase reference points of each year were calculated with an accuracy of 0.1 month, under the assumption that a fit to monthly averages produces results similar to a fit to daily rates. Histograms of calculated phase reference points such as (~max, ~m~~~ 8max, clon, and oloff (see &dquo;List of Abbreviations and Definitions&dquo; in Roenneberg and Aschoff, this issue) show sharp distributions (see Figs. 8 and l0a of Roenneberg and Aschoff, this issue), which permit an accurate correlation with environmental variables. The dynamic changes within the rhythms can be easily calculated with the help of the first derivative of the fit, so that correlations are not restricted to maxima, minima, and amplitude. Before we investigate specific correlations between conception rhythms and climate, we give arr introduction to the climatic characteristics of different regions of the globe. THE GLOBAL DISTRIBUTION OF TEMPERATURE, SUNSHINE,
AND HUMIDITY
The annual distribution of temperature, humidity, and daily hours of sunshine in 11 selected regions is shown in Figure 1 . Except for equatorial regions, temperatures have a sinusoidal annual distribution (left graph of each pair). The Northern and Southern Hemispheres (NHS, SHS) are 6 months out of phase. Phases of the annual temperature extremes are similar and predictable for the Americas and the rest of the world (Fig. 1 , bottom pair of graphs; see also Fig. 2 ). In spite of the large differences in average annual temperatures, the differences between the daily maxima (thin curve) and minima (thick curve) are remarkably similar at all latitudes (approximately 8-10°C). The possible specific influence of temperature on human conceptions is more appropriately analyzed with the help of the daily minima, since FIGURE 1. The annual time course of climatic variables for 11 selected geographical locations. Monthly averages of daily maximum (thin line) and minimum (thick line) temperatures are shown on the left. Monthly averages of the daily hours of sunshine (thin line) and of daily relative humidity (thick line) are shown on the right. All curves are interpolations (see &dquo;Materials and Methods&dquo; in Roenneberg and Aschoff, this issue) between the 12 monthly values. Geographical locations are grouped into those form the Americas (lower half) and those from the rest of the world (top half) and arranged from north to south. The bottom two graphs are histograms of the worldwide phases of the temperature extremes. they correlate less than the maxima with the impact of the sun (photoperiod, hours of sunshine). Minimum daily temperatures were therefore used for all correlations with conception rates. Whenever temperatures are mentioned below, they stand for the monthly averages of daily minimum temperatures.
Humidity generally correlates negatively with the amount of sunshine (right graph of each pair), but phases and amplitudes of these two variables are less systematically distributed around the world than those of temperature.
To illustrate the global distribution of climate, phase reference points (<))max~ 4'min)ã nnual averages, and the range of oscillation have been plotted as a function of latitude for both temperature (Fig. 2a ) and the daily hours of sunshine (Fig. 2b ). Temperature rhythms are highly regular throughout the world. Extremes lie around the end of January/July (see also Fig. 1, bottom) , thus lagging the annual rhythm of photoperiod by approximately 1 month. The transition between the two hemispheres is much sharper for temperature minima (plus signs) than for the maxima (open circles), which appear to &dquo;bifurcate&dquo; north of the equator in the Americas. The latitudinal distribution of the annual mean temperatures is more stringent in non-American countries than in the Americas and covers a smaller range. Annual temperature oscillations, especially in the north, are also more extreme in the Americas. Within the same range of latitude, higher oscillations are generally found in continental regions, lower oscillations in coastal regions. The maxima of parabolic fits through the latitudinal distribution of the annual mean values and the annual extreme values lie close to or slightly south of the equator in the Americas. In the rest of the world, such parabolas peak without exception north of the equator (2-7.5°N). The meteorological equator, characterized by &dquo;maximal ground temperatures, converging winds, as well as maximal cloudiness and rainfall,&dquo; lies also approximately 6° north of the equator (Flohn, 1950) . The existence of a comparable &dquo;biological&dquo; equator has already been proposed in connection with the annual rhythm of human mortality (Aschoff, 1981;  Roenneberg and Aschoff, unpublished results) and the basal metabolic rate of humans (Sasaki, 1988) , and is also indicative in the global distribution of conception rhythms, at least in non-American countries (Roenneberg and Aschoff, this issue, Fig. 11 ).
Compared to the global distribution of temperature, the distribution of sunshine is less systematic (Fig. 2b ) and shows a less sharp phase transition between the two hemispheres. The annual minima lie close to the winter solstice (shortest photoperiod), whereas the maxima are reached somewhat later than the summer solstice. The highest annual mean values and smallest annual oscillations do not necessarily lie at the equator. This global survey of temperature and sunshine shows that the climate of the Americas differs in several aspects from that of the rest of the world. These differences are due to a different distribution of land masses, ocean currents, and the different direction of the main mountain chains. A detailed discussion of these continental differences can be found in Rodenwaldt and Jusatz (1965) . Because of these differences, we have chosen to show the Americas and the rest of the world in separate graphs. The American-non-American differences are also apparent in conception rates (see Fig. 11 of Roenneberg and Aschoff, this issue):
(1) The biological equator is more pronounced in non-American countries.
(2) The latitudinal phase distribution is reversed in the Americas relative to the rest of the world. American weather patterns are generally associated with a continental climate. A continental climate is, of course, also characteristic for Russia; our statistical collection contains, however, too few data from continental Russia. shown on the left, those from the rest of the world on the right. For each of the two climatic variables, the following values are shown (from top to bottom): phases of the annual minima (plus signs) and maxima (circles), the annual mean, and range of oscillation (max-min).
TEMPERATURE AND CONCEPTION RATES
We began our search for environmental factors in the equatorial regions, where photoperiodic (and temperature) changes are small, but where one still finds relatively high amplitudes in the annual rhythm of human conceptions. The correlation coefficients (r) between monthly conception rates in equatorial countries, and the monthly averages of daily minimum temperatures, daily hours of sunshine, relative humidity, photoperiod, and daily rainfall, are shown together with the annual range of the respective climatic variables in Table 1 . Significant Note. The latitude of each location is given in parentheses; N, Northern Hemisphere; S, Southern Hemisphere. The correlation coefficients between the 12 monthly conception rates and the monthly averages of daily minimum temperatures (T), hours of sunshine (SS), relative humidity (H), photoperiod (PP), and rainfall (RF) are listed, together with the annual range for each of the climatic variables. The line in boldface shows the average correlation coefficient for each variable. Bogota (Colombia) also lies close to the equator but has relatively low temperatures, due to its high altitude. Significant correlations (see &dquo;Materials and Methods&dquo;) are marked with an asterisk; n.c., no correlation.
* p < 0.01. correlations can be found for all variables, but a consistent relationship exists only between conception and temperature (see average values of the correlation coefficients printed in bold). With the exception of Bogota (Colombia), where temperatures are low due to its high altitude, all equatorial regions show a negative temperature correlation: The hotter it is, the lower the rate of conceptions is. A negative correlation is, however, not found in moderate or cold climates. The correlation coefficient between the actual monthly conception rates and monthly temperature averages depends on latitude (Fig. 3) ; this dependency is especially pronounced in non-American countries after 1930. The positive temperature correlation at higher latitudes shows that cold temperatures also decrease conception rates. Since both hot and cold temperatures decrease the probability of conceptions, a prediction can be made for regions with hot summers and cold winters: The annual conception rhythm should have two distinct regions of suppression, and therefore a bimodal waveform. The worldwide annual temperature oscillations (measured in the ground) are shown in Figure 4 . The climatic situation described above can be found along the isoamplitude line of 10°C (thick line), especially at its southern tips, where summer temperatures are hot but where winter temperatures are still below the freezing point. As described in our previous paper (see Fig. 5a of Roenneberg and Aschoff, this issue), bimodal conception rhythms with two FIGURE 3. Correlation between conception and temperature. Annual conception rhythms for each country were averaged within the time spans indicated at the center. The monthly conception rates were then correlated with the respective monthly temperatures (see &dquo;Materials and Methods&dquo;). The resulting correlation coefficients (r) are drawn as a function of latitude separately for the Americas and the rest of the world. Crowley et al., 1986) . The range of oscillation (°C) is given for each line. The thick line indicates a region with relatively high summer and low winter temperatures. At the southern tips of this line, summers are hot, but winter temperatures are still well below 0°C. Bimodal conception patterns are primarily found in those regions (North America, Eastern Europe, and Japan). distinct maxima and minima are found in North America, West Greenland, Eastern Europe, and Japan. All of these regions lie along the thick line of temperature oscillations predicting bimodality.
The percentage of high positive correlations between temperatures and conceptions has increased over the years at higher northern latitudes (Fig. 3 ), indicating the involvement of other influencing factors in former years (see below). The gradual transition across latitudes between positive and negative correlations predicts a preferred temperature range for human conceptions. If the fitted curves of conception and temperature rhythms are correlated (see &dquo;Materials and Methods&dquo;), the preferred temperature range can be established between 5°a nd 20°C (gray area in Fig. 5 ). In this graph, the linear regression lines resulting from such correlations are drawn from the minimum to the maximum of the annual temperature rhythm, and only more recent years (1951 and after) of non-American countries were used for the correlations.
With the existence of a preferred temperature, one should be able to show that conception rhythms correlate with the rhythm of temperature deviations from a preferred value (see &dquo;Materials and Methods&dquo;). We have tested each year for the Tpref leading to the best fit (rmax) between the two rhythms. The changes of rmax and Tpref are shown for the examples of Belgium and Japan (Fig. 6 ). Tpref has stayed relatively constant and is comparable for both countries, whereas r max has significantly increased over the years. The relative constancy of Tpref is also evident in the distributions on a global scale (Fig. 7) . In this graph, the histograms of Tpref, calculated for each year, are separated into the same groups as in Figure 3 . The FIGURE 5. Regression lines for correlations between the fitted functions of temperature and conception rhythms (see &dquo;Materials and Methods&dquo;). As indicated by the regression coefficients in Figure 3 , the slopes of the lines gradually change with increasing annual average temperatures. Conception rhythms are generally above the annual mean between 5° and 20°C, as indicated by the gray area. two top panels show the respective distributions of the annual average temperature (weighted with the number of statistical years for each respective country). The number of countries with hot climates is higher in more recent years of our collection. To distinguish between a heterogeneous collection of statistics and possible trends, the contribution of countries with minimal temperatures above 17°C is shown in white.
The histograms have a temperature range (8-17°C) similar to that found for the simple correlations (Fig. 5) , with a distribution peak around 12°C. This Tpref has not changed FIGURE 6. Preferred temperatures (Tpref) were calculated for each year of birth statistics (see &dquo;Materials and Methods&dquo;). The trend of Tpref (left ordinate) and the corresponding maximal regression coefficient (rm~, right ordinate) are shown for the examples of Belgium and Japan. Figure 3 , is drawn in gray for countries with temperature maxima below 17°C and in white for those with minima above 17°C. The tendency toward a preferred temperature around 12°C for a wide range of local ambient temperatures is especially evident if one compares the distribution of the American annual average temperatures (top left) and the distribution of Tpref below. significantly over the years in non-American countries and was also dominant in the Americas until 1950. The histogram for the Americas after 1950 indicates that ambient temperature has ceased to be an influencing factor. The increased frequency above 17°C reflects the larger number of statistics from Central and South America in this time span. The increasing number of Tpref below 5°C (already present after 1930) is due to the increasing occurrence of winter conceptions in North American countries.
PHOTOPERIOD, SUNSHINE, AND CONCEPTION RATES
The largest increase in conception rates (8m~, &OElig;on) can be found in most countries around the spring equinox, at least until 1930 (see histograms in Figs. 8 and l0a of Roenneberg and Aschoff, this issue). During this time of year, temperatures, photoperiod, and daily hours of sunshine increase. To test whether preferred values also exist for photoperiod and daily hours of sunshine, we have correlated the conception rhythms with the rhythms of photoperiod and sunshine deviations from given values (see &dquo;Materials and Methods&dquo;). Since the vernal equinox (photoperiod = 12 hr) coincides with a dynamic increase of conceptions, we have correlated the first derivatives of conception rhythms with the rhythm of photoperiod deviations. A large increase of correlation coefficients was achieved by giving the conception rhythm a lag of 1 month (the lag of 8max was already apparent in Fig. l0a of our previous paper; see Roenneberg and Aschoff, this issue). In the cases of temperature and sunshine, the introduction of lag times did not lead to an increase of correlation coefficients. The histograms for PPpref peak, around 12 hr, with a width of approximately ± 1 hr (Fig. 8) .
In non-American countries, PPpref has slightly lengthened, but in the Americas it has slightly shortened over the years.
The analysis of the daily hours of sunshine (SS) is complicated by the fact that this environmental factor is closely related to both photoperiod and temperature. A global comparison of Tpref, PPpref, and SSpref (Fig. 9 ) shows that the latter have a much broader distribution than the first two, with a small distribution peak at 7 hr.
SUMMARY OF THE INFLUENCES OF PHOTOPERIOD AND TEMPERATURE
From the two sections above, one can deduce the hypothesis that photoperiod and temperature are the main environmental factors influencing conception rhythms. The impact of temperature FIGURE 8. The worldwide distribution of preferred daylengths (photoperiod, PPpref) is shown as in Figure 7 . Note that the deviations from a preferred day length were correlated with the changes in conception rates 1 month later (see &dquo;Materials and Methods&dquo;). FIGURE 9. The worldwide distributions of Tpref, PPpref, and SSpref are compared for all data combined. The larger area below the distribution of Tpref does not reflect a higher number of contributing years, but is an artifact of the larger scanning rate; temperature curves were tested with an interval of 0.5°C, whereas photoperiod and sunshine were tested with an interval of O.lhr. The bottom graph shows the percentage of significant correlations (see &dquo;Materials and Methods&dquo;) for three eras (gray bars for the Americas; black bars for non-American countries) and for each of the environmental variables. has increased over time (Fig. 6 ), without a significant change of Tpref (Fig. 7 ). PPpref has also not changed much over the years (Fig. 8 ), but the values of the respective rmax have decreased worldwide. A comparison between the percentages of significant correlations (see &dquo;Materials and Methods&dquo;) shows that the decreasing trend of photoperiodic influence is apparent for all parts of the globe (Fig. 9 , bottom graph). In contrast, the importance of temperature has increased over time in non-American countries and in the Americas until 1950. During the most recent years, the main conception times in the Americas have moved into winter and appear to have become independent of ambient temperatures (see also Fig.  3 , bottom left). The trend of significant correlations is ambiguous for the daily hours of sunshine, which is a further indication that this environmental factor may be less important than photoperiod and temperature.
Other weather conditions, such as humidity and rainfall, may also have an impact (e.g., in tropical regions); however, viewed on a global scale, these climatic variables appear to have only local importance and yield the weakest and least consistent relationships with conception rates. We therefore concentrate our further analysis and discussion of environmental correlations on photoperiod and temperature. In Figure 10 , the worldwide distribution of &OElig;, which was previously shown to be dependent on latitude (see Fig. 11 of Roenneberg and Aschoff, this issue), is redrawn as a function of annual mean temperatures (vertical axes). Selected countries, regions, and cities from our data collection, corresponding to the respective temperature groups, are listed in Table 2 . For a general orientation, the gray areas indicate FIGURE 10. The times when conception rates are above the annual mean (a) are shown in relation to annual average ambient temperature. In each graph, the year is plotted twice to show entire a times across December/January. Gray areas represent the times of the year when temperatures are below 0°C or above 20°C, vertical lines are drawn at the equinoxes. Data are grouped and averaged in eras and areas as in the preceding figures (the lower panels show the Americas). The seasons of the Southern Hemisphere were adjusted to the seasons of the Northern Hemisphere by shifting the averaged rhythms by 6 months. Figure 10 , Listed in Ascending Order of Their Annual Average Temperatures (Daily Minima) times of the year when temperatures are below 0°C or above 20°C; dashed lines are drawn at the equinoxes. Rhythms of the SHS have been converted to the seasons of the NHS by introducing a shift of 6 months. The American climate is more extreme than that of the rest of the world (Fig. 2) , which can also be seen in this figure by the larger overlap of cold and hot temperatures (gray areas). Regions with annual mean temperatures below 13°C (daily minima) show little or no temperature dependence of a before 1930. This is especially pronounced in non-American countries. The phase constancy of aon around the vernal equinox reflects the influence of photoperiod. This influence is also indicated in warmer regions, but a moves more and more into winter, probably due to the suppressing effect of hot summer temperatures (unfortunately, our collection contains practically no American data from this region before 1930).
The effect of photoperiod on the annual conception rhythm can be expected to have a decreasing impact with increasing annual mean temperatures, since they are typical for countries that lie closer to the equator. In those regions, temperature appears to be the major influencing factor, independent of latitude, as can be seen for the example of Bogota (see above). In North America, the impact of temperature appears to be pronounced already before 1930: Except for northern Canada and West Greenland (see Table 2 ), aon coincides with the time of year when temperatures reach the lower limit of the preferred range (8-17°C).
The increasing influence of temperature becomes evident in later years: a moves progressively into the preferred temperature range. As already shown for the latitudinal distribution of a (see Fig. 11 of Roenneberg and Aschoff, this issue), a remarkable difference exists between the American subcontinents and the rest of the world: Although a generally coincides with the beginning of winter in the world's hottest regions and with spring or summer in the world's coldest regions, the transitions between these two extremes have opposite directions. In both cases, or remains within the &dquo;white fork,&dquo; which was drawn slightly wider than the established preferred temperature range (8-17°C) for reasons of clarity. DISCUSSION , Several investigators have correlated climatic variables with the annual rhythm of human conception rates and have proposed models for environmental influences on the conception rhythm (Mills and Senior, 1930; Macfarlane, 1970 Macfarlane, , 1974 Hajek et al., 1981; Ehrenkranz, 1983a,b) . Most of these studies were based either on restricted geographical regions or on a more global collection of birth statistics covering only recent years (after 1950). However, a uniform and global description of environmental influences is still missing. Most of the previous studies excluded photoperiod as a significant factor for human reproduction, but a universal spring rise in conception rates has already been pointed out by Takahashi (1964) . To our knowledge, only two studies have shown a systematic relationship between conception rhythms and photoperiod for defined geographical regions (Ehrenkranz, 1983a,b, for Labrador Eskimos; Hajek et al., 1981 , for the population of Chile). The exclusion of photoperiod on a global scale may have two reasons: (1) Most of the studies investigating worldwide statistics have based their analysis on more recent years (after 1950), when the photoperiodic influences apparently have lost their impact. (2) The attempt to explain human conception rhythms by a single environmental factor (e.g., Macfarlane, 1970) has led to inconsistent results; photoperiod alone can only explain the rhythm of certain regions and not of others at comparable latitudes.
Our results show that photoperiod cannot be excluded as a potential controlling factor, and that it shows higher and more consistent correlations than the daily hours of sunshine proposed as a possible candidate by Aschoff (1981) . However, photoperiod is not the only environmental factor involved. The importance of temperature has been emphasized by several authors (e.g., Huntington, 1938; Pasamanick et al., 1959; Macfarlane and Spalding, 1960; Chang et al., 1963; Macfarlane, 1970 Macfarlane, , 1974 Lee, 1981; Richards, 1980) . In addition, it has been shown that conception rates reach maxima at preferred temperatures (Mills and Senior, 1930; Takahashi, 1964) . Voranger (1953) demonstrated, for the example of France , that hot summers as well as cold winters lead to a reduction of birth frequency 9 months later. Thus, the temperature hypothesis postulates (1) a preferred temperature range and (2) an active suppression of conception rates by temperatures outside of such an optimal range. Both postulates agree with our global analysis of conception rhythms.
A MODEL FOR ENVIRONMENTAL INFLUENCES ON HUMAN REPRODUCTION
A convincing biometeorological model should be able to explain all the different aspects of this phenomenon for all parts of the globe. There are at least five aspects that have to be accounted for (Roenneberg and Aschoff, this issue):
Waveforms: The annual distribution of conception rates is characteristic for geographical regions (sinusoidal vs. sharp distributions around maxima or minima, unimodal vs. bimodal, etc.).
Phase and latitude: Different phase reference points depend differently on latitude and have different variations over time (e.g. wmax vs. 8max, &OElig;on). Phase changes over time: Rhythms generally have changed over the last 60 years. The time of a has shifted to a different extent and in different directions, depending on the geographical region. In bimodal countries, the autumn peak becomes more dominant than the spring peak in recent years. Continental differences: American rhythms differ in several aspects from those in the rest of the world.
Amplitude changes over time: Amplitudes have generally declined in recent years, but in certain countries amplitudes have increased.
The correlations between environmental factors and conceptions show predominantly two variables: (1) photoperiod, which was more dominant in early years, and (2) temperature, with an increasing influence in more recent years. A consistent environmental model should be able to explain the five aspects listed above with the help of these two climatic variables.
WAVEFORMS
The latitudinal distribution (Fig. 11 a) of PPpref (12 hr, dashed horizontal lines) and Tpref ( 12°C, oblique regression lines) shows that the relationship of these two positive impacts on conception varies systematically. At higher latitudes, Tpref lags PPpref by several months. This difference becomes smaller at lower latitudes. Tpref coincides with PPpref around 30-40° latitude, and leads PPpref closer to the equator. Tpref is reached in spring (open symbols in Fig. l la) almost 1 month later in the Americas (lower graph) compared to the rest of the world, whereas it is reached slightly earlier in autumn. The large temporal separation between PPpref and Tpref at high latitudes leads to a broadening of a as long as photoperiod has a large impact on conceptions (thick curve in Fig. l lb, top panel) . As shown for the example of Sweden in the last century, rates increase around the spring equinox and remain high until Tpref (12°C, dark gray vertical line) is reached, which corresponds to the annual temperature maximum in this region. At lower latitudes (see the example of France, second panel in Fig. 1 Ib), Tpref is closer to PPpref) resulting in a sharper and earlier maximum in the last century (thick line) slightly leading Tpref. At a comparable latitude in North America, the annual temperature oscillations are more extreme, and summer temperatures decrease the probability of conceptions (see the example of the United States, third panel in Fig. l lb) . As mentioned above, the spring temperatures in North America are colder than in Europe, and &OElig;on is therefore reached later.
After the summer suppression, the second PPpref (hatched vertical line) and Tpref (dark gray vertical line) in autumn lead to a second rise in conception rates reaching a secondary maximum before 1935 (thick line).
In hotter countries (see the example of Cyprus, bottom panel in Fig. lib) , the phases of PPpref and Tpref lie close together. Until the 1950s (thick line), the dynamic impact of photoperiod was apparent, in spite of the nonsuppressing moderate winter temperatures.
High maxima are reached around the phase of Tpref, due to the synchronized effects of photoperiod and temperature. Although amplitudes can be affected by a variety of social factors (see discussion in Roenneberg and Aschoff, this issue), it is noteworthy that the highest amplitudes are generally found around 30° latitude (Fig. 11 of Roenneberg and Aschoff, this issue; Aschoff, 1981) , where the two positive effects are closest.
Waveforms of earlier conception rhythms (thick curves in Fig. lib) can well be accounted for by the latitude-specific influences of photoperiod and temperature, at least for spring and summer conceptions. The importance of the spring equinox is evident for aon and bmax (see Roenneberg and Aschoff, this issue). The correlations between the deviations from a PPpref and the first derivative of conception rhythms indicate a relationship between the two variables not only around the spring equinox but for the entire year: Over 60% of years from non-American countries have a significant correlation (Fig. 8 ; see &dquo;Materials and Methods&dquo;). In spite of the calculated lag between conceptions and photoperiod (see above), we have chosen to draw the lines representing PPpref at the equinoxes. The true relationship between the rhythm of photoperiod deviations and the first derivative of the conception rhythms over the entire course of the year can best be seen when the two calculated curves are drawn together (Fig. 12 ). In all six examples (with the exception of Australia, they all represent years from FIGURE 12. The best correlations between photoperiod (thick curves) and conceptions (thin curves) were achieved by correlating the first derivative of the conception rhythms with the deviations of photoperiod from a preferred day length (generally 12hr; see &dquo;Materials and Methods&dquo;) and giving conceptions a lag of 1 month (compare top and bottom abscissa). Since the influence of photoperiod has decreased over time, only examples of older conception rhythms are shown. the 19th or early 20th century), the curves have two maxima that are, with some exceptions, closely associated with the calculated curve for the photoperiodic influence.
PHASE AND LATITUDE
The phase of PPpref (12 hr) is independent of latitude (dashed horizontal lines in Fig. 1 la) .
In older statistics, this positive impact on conceptions mainly influenced the dynamic increase of rates (represented by aon and 8max) at the time of the vernal equinox (Fig. 10, top left, and Fig. 11 in Roenneberg and Aschoff, this issue). As an additional influence, temperatures modulate the time when the maxima are reached; 4)ma., is therefore more dependent on latitude than <ïon or Sjnax-The phase of aon varies less than wmax within the time series of a given country (Fig. lOb of Roenneberg and Aschoff, this issue). There may be at least two reasons for this: (1) The annual time course of photoperiod (as well as PPpref) stays constant over the years, but temperatures can vary from year to year. (2) With a decrease of the influence of photoperiod, the importance of temperature as an influencing factor increases; the resulting phase changes affect the maxima before changes in aon or 8max are detectable (see Figs. 5 and 6 of Roenneberg and Aschoff, this issue).
PHASE CHANGES OVER TIME
The various changes in the conception rhythms over time can be explained by the changing impacts of photoperiod and temperature. The thin lines in Figure llb show examples of conception rhythms after 1930, and it is evident that the maxima move away from the spring equinox toward the phase of Tpref. In regions with cold winters and moderate summers (see the sample of Sweden in Fig. lib) , a moves toward the summer, and in hotter regions it moves into the moderate winter (see also Fig. 10 in the present paper and Fig. 11 in Roenneberg and Aschoff, this issue). In countries with hot summers and cold winters (see the example of the United States in Fig. lib) , the autumn/winter conception time gains in strength; this may also be due to the fact that a long period of preferred temperatures is offered in winter, due to the microclimate produced by central heating. Momiyama and Takeuchi (1975) have shown that the actual temperatures of the modem human environment in winter are higher in colder than in warmer climates, due to a more efficient artificial temperature control. The trend toward autumn/winter conceptions is also apparent in the most recent years of Japanese birth statistics and is indicated in Eastern Europe in the late 1960s (our collection unfortunately lacks the most recent years). The global shifts of out are shown in Figure 10 (see also Fig. 11 in Roenneberg and Aschoff, this issue).
CONTINENTAL DIFFERENCES
One of the most striking phenomena in the context of the annual rhythm of human reproduction is the difference between the Americas and the rest of the world. The dependence of a on average annual temperatures (Fig. 10 ) and on latitude (Roenneberg and Aschoff, this issue, Fig. 11 ) is reversed in American and non-American regions. Conception rhythms in North America appear to have a general preference for autumn conceptions. This striking phenomenon may be explained by climatic differences. Spring temperatures are generally lower in North America compared to the rest of the world (Fig. 11 a) ; thus, Tpref is reached later and the preferred temperature range is short due to the hot summer temperatures. The autumn phase of Tpref, following the summer suppression, is reached slightly earlier than in the rest of the world and coincides with the positive impact of the autumn phase of PPpref.
AMPLITUDE CHANGE OVER TIME
Declining amplitudes in rhythms of vital statistics have been associated with a gradual shielding from environmental factors as a result of industrialization (Momiyama and Katayama, 1972) . In addition to a shielding effect, there may be other effects associated with the changed impact of environmental factors. In contrast to a general decrease of amplitudes in most parts of the world, amplitudes increase over the years in the colder regions of the north (Fig. 1 lc) . Among various other factors, amplitude depends on the time span of the preferred conditions within the year (i.e., the duration of a). The longer a is, the smaller the amplitude is; the shorter a is, the larger the amplitude is. This relationship is especially apparent in Japan, where the duration of a extended into the winter before 1920 and the corresponding amplitudes were lower compared to the following years (see Figs. 4d and 6a of Roenneberg and Aschoff, this issue). The preferred temperature range is restricted to a few summer months in cold climates (see the example of Sweden in Fig. llb ), but extends over most of the year in countries with mean annual temperatures above 5°C, with the exception of equatorial regions (Fig. 10 ). The impact of Tpref increases with a decreasing influence of photoperiod. Thus, a is shortened in cold regions and lengthened in warmer countries, resulting in different trends of annual amplitudes.
CONCLUDING REMARKS
The proposed model of environmental influences on conception rhythms, which can explain so many aspects of this worldwide phenomenon, is based on two variables: photoperiod and temperature. For both, one can find distinct preferred values (12 hr of daylength and 12°C, based on the lowest daily temperatures). These preferred values have changed very little, whereas the quality of the respective correlations has changed systematically over time. The relative constancies of Tpref and PPpref indicate a biological system that responds to predefined environmental conditions. The change in correlation coefficients presumably reflects the changes of the immediate human environment resulting from increasing industrialization and urbanization. Photoperiod correlates with the dynamic changes of the rhythm (its first derivative), which are influenced with a lag of approximately 1 month. Temperature appears to have an immediate impact and modulates the actual rates of conception.
A large body of evidence shows that photoperiod is the main zeitgeber for the endogenous annual timing systems controlling animal reproduction. Many examples show that ambient temperatures can also affect the annual timing of animal reproduction; however, a convincing demonstration for its role as a zeitgeber is still missing (Gwinner, 1986) . Although proof for an endogenous annual clock in humans will probably never be given, and in spite of the fact that the annual rhythmicity in human conception rates represents only a small fraction of the total conceptions within a population, the results presented here could be carefully interpreted as an indication for a possible endogenous annual timing system in humans that uses photoperiod (with a critical value around 12 hr) as a synchronizing agent (Gwinner, 1986) . This system, interacting with direct effects of temperature on physiological or behavioral parameters, could represent a physiological mechanism that permits humans, in analogy to the reproduction of many other mammals, to predict an optimal seasonal niche &dquo;favorable for survival of both parents and offspring&dquo; (Gwinner, 1986) .
Many questions remain, and little is known about the physiological mechanisms responsible for the rhythmicity. The role of temperature in reproduction is often associated with sperm production (Cupps et al., 1960) , and photoperiod has been shown to correlate with female fertility in the form of multiple pregnancies (Timonen and Carpen, 1968) . Seasonal variations in human sperm quality and sperm count show maxima in the spring (Spira, 1984; Tjoa et al., 1982) , whereas the peak of (male-independent) conceptions achieved by artificial inseminations lies in autumn (Paraskevaides et al., 1988) .
The possibility of an endogenous annual timing system in humans and the related consequences of an increasing deseasonalization have to be taken into account in future investigations on all levels of human biology (immunology, endocrinology, psychiatry, etc.), and the possibility that an annual rhythm of human biology may be increasingly desynchronized from the natural seasons should also be considered in the context of seasonal illness.
